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Abstract 
The potential use of electric motors to power engine simulators on wind tunnel models of 
commercial aircraft has been studied for some years at the QinetiQ 5m Wind Tunnel at 
Farnborough. Recently, motors with the required power density have become available, and design 
and production of a prototype engine simulator is currently being undertaken. The background, 
potential advantages of the system, design considerations and a progress report on the project is 
given within this paper. 
Nomenclature 
5mWT  5 metre Wind tunnel 
ATI  Aerospace Technology Institute 
FPR  Fan Pressure Ratio 
kW  Kilo Watts 
PD  Power Density kW /m3 
rpm  Revolutions per minute 
TPS  Turbine Powered Simulator 
UoS  University of Surrey, Guildford 
UTAS  United Technology Aerospace Systems 
 
 
Project History 
The initial idea to use electric motors as a power source for an aero-engine simulator was formed in 
2003, when the disciplines of electric powered aeromodelling and wind tunnel testing came 
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together. At the time it was recognised that there was insufficient power density (PD) for the motor, 
and ways of “cheating” the engine exhaust airflow were developed at the 5m Wind Tunnel (5mWT), 
which in turn lead to an association with the University of Surrey (UoS).  Both of these facilities set 
up experiments to simulate the engine bypass flow using off the shelf ducted fans for model jet 
engines, the aim being to replicate the jet boundary flow to just downstream of the tailplane. 
Blockages of differing sizes were placed in the duct, as if larger motors were being used, and the 
velocity profiles across the jet were measured, to see when the integrity of the efflux could not be 
retained. This was taken as an indication of the maximum motor size that could be used to obtain 
the required power.  
Through their contacts with industry, UoS were able to give an introduction to a manufacturing 
company, who were capable of producing a motor with sufficient power density to drive a simulator 
unit, and coincident with this, the opportunity to apply for Government funding via Innovate (UK) 
arose through the Aerospace Technology Institute (ATI). The ATI’s aim is to work collaboratively with 
Government, Industry and the wider UK aerospace eco-system, to help set the UK’s aerospace 
technology strategy (Raising Ambition) and reflect the sector’s vision and ambition. Various 
stipulations were set by the ATI which aimed to foster collaboration between, and growth of, 
technology companies. Thus work began to construct a consortium to apply for grant funding to 
conduct a research study into the use of electric powered aero-engine simulators on wind tunnel 
test models. 
 
 
Consortium  
The consortium is made up of the following members: 
5m Wind Tunnel 
University of Surrey 
The Boeing Company 
Ate AEROTECH 
United Technology Aerospace Systems 
Each member brings a specific set of expertise as listed below. 
The 5mWT is the lead member and will conduct the testing phase of the project as well as project 
management throughout the life of the project. The tunnel is used for low speed testing up to 0.3 
Mach number within a tunnel which can be pressurised up to 3 atmospheres. 
The UoS is an academic institute that has provided research on the topic of aero-engine simulation 
through physical testing and computational fluid dynamics applications, along with developing novel 
instrumentation techniques. Under ATI rules, academic institutions can claim all their costs back but, 
uniquely, they have chosen to support this project on a 50 / 50 basis alongside the other partners. 
Boeing is supporting the programme both through its UK subsidiary (Boeing UK Ltd) and its US based 
operations in Seattle. Boeing has a long association with the 5mWT and has fully backed this project 
from the start. The Boeing Commercial Airplanes division is a major commercial aircraft design and 
manufacturing company, with a long and vast experience of testing models in support of their 
products, including the use of aero-engine simulation. In addition to making this experience 
available to the consortium, they are funding the development of the powered nacelle and 
subsequent wind tunnel validation test. 
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Ate Aerotech provides experimental test and robotic equipment for aerospace applications and has 
a long history in the field. Indeed the balance used in the 5mWT was provided by Ate in the 1970s 
and it is very much in regular use to this day. It brings expertise in control systems for the EMPAS 
unit as well as a wake traverser to examine the exhaust jet. 
United Technology Corporation Aerospace Systems (UTAS), provides the power source for this 
project. It brings leading edge motor technology, with a motor capable of delivering over 150kW in a 
size which can be fitted within the model nacelle with a fan diameter of just 6.5 inches. A full design 
and analysis capability supports the design from a dedicated team of engineers. 
Potential Benefits 
One of the principal benefits envisaged for the use of an electric motor for simulating aero-engines is 
the more flexible cabling which can be used to bring the power into the nacelle, as opposed to the 
high pressure pipes associated with traditional Turbine Powered Simulators (TPS). The length of 
cabling and any radius forming required will be contained within the model, and a normal weight 
tare should account for any induced resistance on the balance. Along with this benefit, the efficiency 
and test duration should be improved as the power supply will be directly applied to the unit from a 
bespoke junction box, as in Figure 1. This will deliver a constant flow of energy and eliminate the 
need for inefficient and expensive industrial plant to pressurise the working fluid as is currently the 
case. Consequently, the ease of using the technique will be improved, with a subsequent increase in 
its use across many wind tunnels.  
 
Figure 1 Installation to provide 2 x 150 kW electrical supply 
 
An additional benefit will be the more realistic bypass jet stream temperature as it will be warm, 
rather than the cold exhaust produced from expanding the air through a TPS turbine. Also, because 
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the motor has a direct control system, it is expected that the overall control of the simulator will be 
improved as there will not be the need to balance turbine and tunnel airflows. 
Design 
Overall 
The basic requirement is for an electric motor to drive a multi-bladed fan within a model nacelle to 
simulate the jet exhaust of a turbo-fan engine of an aircraft model in a wind tunnel. The fan will be 
designed to absorb 156kW at 45,000rpm and produce a pressure ratio across the fan of 1.5. The 
Aircraft Research Association (ARA) at Bedford have been contracted to carry out the design and 
manufacture of the fan, along with the associated nacelle, pylon and stub wing. The assembly will be 
attached onto a single support strut and tested within the 5mWT, early in 2019. 
 
Nacelle  
The chosen architecture for the nacelle is that of NASA’s Common Research Model, sized for a 
typical model flown in the 5mWT. This yields a fan diameter of 16.5cm, (6.5 inches). As this is a 
research project, it has been accepted that some licence will be tolerated in the final design, be that 
to accommodate motor fitting, instrumentation or miscellaneous aspects of the design. The nacelle 
will incorporate the support pylon which will be attached to the stub wing at a location off the 
tunnel centreline. The pylon and nacelle will form the fixings for the motor, cooling and 
instrumentation requirements. 
Motor 
United Technologies Aerospace Systems (UTAS) has designed a water-cooled motor, capable of 
providing 156 kW and fitting within the nacelle with just a little design licence Figure 2. This will 
directly drive the fan.  
 
Figure 2 Initial concept drawing showing “swan neck duct”  
Following an initial design meeting it was decided that there would need to be a “swan neck” duct, 
fig 2, to transition from the fan exit inner radius to the motor diameter. This was to allow the 
required fan inlet area within the constraint of the outer fan radius. Any schemes to reduce this will 
be borne in mind during the formal design process 
“Swan Neck Duct” 
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From work carried out at UoS, where the motor ended at the nacelle exit plane, it was deduced 
there is a possible opportunity to exploit the blunt exit at the motor rear, as it forms a volume of re-
circulating air which varies with the conditions set, thus giving a naturally created flow region suited 
to the condition set. This region will be investigated for future refinement. However, due to the 
practicalities of the installation, the inlet power cables will feed directly into the back of the motor, 
requiring a casing to shield them, which extends beyond the nacelle exit plane. Hence a cone is 
currently being designed at the rear of the unit 
To aid simplification, the bearings used will be sealed units and will accommodate both the 
rotational speed and the axial thrust, with an estimated life between overhaul of 100 hours. Part of 
the control system will monitor the life of the bearing, based on running time and loading. 
Power for the unit is composed of several regions, starting with the power rack as shown in Figure 1. 
From this, cables carry the power to a drive unit set directly behind the power rack, which monitors 
the motor’s performance and sets the required parameters to control its speed. From this point, 
three cables of four cores of twisted wire will pass into the tunnel and close to the point of the 
model, where each core will be separated to give 12 cables attached to the motor feed lines. By 
twisting the wires and treating the cables, heat should not be induced into the tunnel’s steel shell as 
they pass through. 
The motor will be held in place by fitting it into a cylinder fixed within the nacelle such as to form the 
inner boundary for the airflow. The outer casing for the motor will be shaped to have troughs which, 
when the ends of the motor are sealed in the cylinder with “O” rings, will form a channel through 
which coolant can flow. 
Instrumentation 
Fundamental to the instrumentation requirements is the use to which they will be put, ie unit 
control and health monitoring. The primary control parameter is Fan Pressure Ratio (FPR) and this is 
derived from the total pressure upstream and downstream of the fan. To reduce the space taken in 
the nacelle for instruments, the upstream pressure (P1) will be taken from the main tunnel total 
pressure used for maintaining the operating conditions. Downstream pressure (P2) will be 
determined from four rakes of tappings placed axially across the duct at 90° to each other, Figure 3. 
These readings will be averaged to present a single value for P2, which will be compared to P1 and 
FPR will be derived. 
 
Figure 3 Position of fan exit rakes 
 
The signals for P2 will be recorded by bespoke transducers developed by UoS and shown in Figure 4, 
which will directly convert the analogue signal to a digital signal for transmission to the data 
P2 
P1 
Instrumentation Strips 
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acquisition and control computer. Temperatures will also be recorded at each rake position, whilst 
as a matter of course, each Instrumentation Strip will measure vibration, which will have the 
potential to be used for additional health monitoring. 
 
Figure 4 UoS Instrumentation strip 
 
The motor drive will also provide parameters which will be used to control and monitor the EMPAS 
unit, including the rotational speed of the motor and the level of current and voltage being absorbed 
by the motor, allowing the power usage to be derived and consequently the system efficiency to be 
calculated. The motor itself will be providing additional information for health monitoring in the 
form of bearing temperatures and vibrations. This data will be fed back to the control system and 
used to protect the unit and the tunnel. 
One additional item being considered is a microphone based sensorwhich would be placed just 
upstream of the fan. From this, an additional independent calculation of the rotational speed would 
be made, which can also be used for unit health monitoring. As well as comparing motor and fan 
speed for any irregularities,  the ability to resolve measurements for each fan blade, and thus detect 
any variations in timings, may yield an extra means of predicting potential problems. 
  
Control system 
Ate AEROTECH has been developing the Control System for the EMPAS unit and has designed the 
communication protocols as shown in Figure 5. This allows transmission of data between the 5mWT, 
the motor and the EMPAS unit. The Controls Computer will take incoming signals through a filter and 
calculate various parameters. The main controlling parameter will be FPR and this will be used in a 
closed loop control to set the motor speed to maintain a constant, nominal, FPR for the required test 
case.  
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Figure 5 EMPAS / UTAS motor / 5mWT communication protocols 
Tunnel Installation 
In order to mount the nacelle in the tunnel, a bespoke pylon and stub wing will be produced and it 
will be fixed to the standard single strut used for mounting models, Figure 6. This will allow the unit 
to be pitched in a similar manner to a normal test model. The strut will be mounted to the 
underfloor weighbeam balance turntable so that the EMPAS unit can also be yawed. Pitching and 
yawing the model is important for this project, to prove the ability to control the system under a 
variety of fan aerodynamic loading cases. 
The provision of coolant is currently expected to be contained within the tunnel itself, below the 
balance, without the need to further cross the tunnel’s pressure shell. 
 
Figure 6 EMPAS unit mounted on Single Strut 
Also important is the visualisation of the jet efflux, and a traverser probe is being constructed to 
measure the jet pressures and temperatures. This will show how rugged the jet efflux flow is, and 
give an indication that it represents the actual flow from a full size jet engine, at model scale. This 
traverser will be mounted on rails behind the strut, and will be a two arm device, Figure 7 
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Figure 7 Wake Traverser Arm (AteAEROTECH) 
 
Excluded Items 
Since this project is very much one of research, with tight timescales and budget, it was accepted 
from an early stage that certain aspects would not be accommodated in the prototype. These are 
internal balances which were proposed to not only obtain the thrust being generated for whole 
model accounting purposes, but also to measure torque in order to derive the power generated as 
an indication of efficiency. These were to be positioned within the pylon, but time and available 
space precluded this happening. 
Also omitted was a calibration of the unit, prior to being fitted within the tunnel. The on-board 
instrumentation will allow FPR to be obtained and from this thrust can be estimated. In addition to 
this, a fan characteristic is expected from the aerodynamic fan design, and this will be used by the 
EMPAS Control Computer as a means of controlling the motor. 
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Current Status 
The Aircraft Research Association produced the initial design for the fan, nacelle, pylon and stub 
wing that will incorporate the electric motor to power the unit. This has been approved and work 
has begun to machine the individual components. Figures 8 – 10 give details of the design to date.  
 
Figure 8 Detail of EMPAS mounted on the Stub Wing 
 
Figure 9 Detail of Motor installed in Nacelle 
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Figure 10 EMPAS electrical installation detail 
The Control System has been designed and a prototype motor and drive system is due to be tested 
in the 5mWT at Farnborough during summer 2018. 
 
Immediate Future 
By the end of 2018, UTAS and ARA will have completed the manufacture of the respective parts, and 
a completed EMPAS unit will be delivered to the 5mWT. At the beginning of 2019, the unit will firstly 
be installed in a strong room for initial spin testing to check the soundness of the structure and then 
moved into the tunnel for full testing. 
The testing phase will commence with running the motor and commissioning the control system, 
starting with low speed runs before gradually building up the power range. Once confidence has 
been gained, the unit will be pitched and yawed, although only over small angles. The Wake 
Traverser will be utilised to obtain a visual appreciation of the jet efflux, including pitch and yaw runs 
and various power settings. Once these have been achieved, the tunnel pressure will be gently 
raised to give an indication of the effect of raising Reynold’s Number. This test phase is expected to 
last for around 3 weeks. 
 
Long Term Future 
Future aims for the project are twofold, firstly to improve the capabilities and efficiency of the unit, 
and secondly to promote the technique to the global aerospace community. 
The former will be from refining the cabling to reduce its size, making it easier to use, and also 
reducing the need for external cooling to further reduce the complexity of the system. The use of 
the unit at a raised tunnel pressure is perhaps a specialised use, but the aim to use the technique in 
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the 5m Wind Tunnel at full pressure is still a goal for the facility. Lessons learnt from the prototype 
unit will be taken and fed back into a follow on project, EMPAS 2, which will be used to expand the 
testing envelope. 
Should the technique be demonstrated as feasible, with extended run times, a more efficient use of 
the energy needed to produce the warmed flow, and overall greater ease of use, then the supply of 
units to experimentalists around the Globe will be pursued. 
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